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Daylight  guidance  systems  are  linear  devices  that  channel  daylight  into  the  core  of  a  building.  This  paper 
analyses  costs  and  benefits  of  using  the  two  main  classes  of  daylight  guidance  to  light  offices  as  an 
alternative  to  conventional  electric  lighting.  The  work  demonstrates  that  daylight  guidance  is  generally 
not  economical  using  conventionally  accepted  measures  of  both  cost  and  benefit.  It  is  shown  that  if 
intangible  benefits  associated  with  the  delivery  of  daylight  to  offices  are  included  in  an  analysis,  a  more 
favourable  balance  of  cost  and  benefit  is  obtained.  The  implications  of  this  for  practical  use  of  the  systems 
are  discussed. 

©  2010  Elsevier  Ltd.  All  rights  reserved. 


1.  Introduction 

There  is  a  large  body  of  knowledge  showing  a  general  prefer¬ 
ence  for  daylight  as  a  light  source  in  buildings.  This  popularity  is 
due  to  a  number  of  factors  related  to  its  fulfilment  of  human  needs. 
Also  the  potential  of  daylight  to  conserve  energy  and  hence  protect 
the  environment  has  stimulated  interest  in  its  use  as  an  electric 
lighting  substitute. 

Conventional  windows  can  provide  daylight  some  5  m  into 
a  building.  But  since  daylight  levels  decrease  asymptotically 
with  distance  from  the  window,  a  disproportionate  amount  of 
daylight  and  associated  heat  gain  must  be  introduced  into  the 
front  of  a  room  to  provide  small  amounts  of  daylight  at  the  rear. 
Over  the  last  fifty  years  or  so  the  development  of  a  number  of 
highly  efficient  reflective  and  refractive  materials  has  made  the 
redirection  of  daylight  into  areas  of  buildings  remote  from  the 
facade  a  practical  possibility.  There  are  two  main  approaches. 
The  first,  ‘beam  daylighting’-the  redirection  of  sunlight  by 
adding  reflective  or  refracting  elements  to  conventional 
fa<;ade-is  essentially  the  enhancement  of  traditional  devices 
such  as  louvers  or  light  shelves  using  the  new  optical  materials. 
The  second  method  -  known  as  ‘light  guidance’  -  captures 
daylight  using  collector  devices  and  transports  it  into  core  areas 
of  buildings  using  some  form  of  linear  guidance  system.  The 
latter  method  is  the  subject  of  this  work. 
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The  two  main  types  of  ‘daylight  guidance  systems’  (DGS)  are 
the  commercially  successful  tubular  daylight  guidance  systems 
(TDGS)  -  used  in  combination  with  an  electric  lighting  system 
(ELS)  -  and  the  newer  hybrid  daylight/electric  systems  (HLS). 
TDGS  comprise  a  clear  polycarbonate  domed  light  collector  that 
accepts  sunlight  and  skylight  from  the  whole  sky,  a  light  transport 
tube  lined  with  highly  reflective  silvered  or  prismatic  material, 
and  a  diffuser  to  distribute  light  in  an  interior.  HLS  attempt  to 
simultaneously  deliver  daylight  and  electric  lighting  to  an  interior 
space.  In  these  systems,  the  light  collector  tracks  the  sun  path, 
concentrates  sunlight,  and  channels  light  via  optical  fibres  or  high 
reflective  ducts  into  the  core  of  a  building  where  it  is  combined 
with  electric  light  within  luminaires.  These  are  equipped  with 
controls  that  maximise  use  of  available  daylight.  Fig.  1  illustrates 
examples  of  these  systems. 

The  literature  indicates  that  choice  of  DGS  has  differing 
impacts  on  light  delivery  and  consequent  energy  usage  for 
diverse  geographic  locations  [1].  The  energy  savings  quoted 
appear  large  and  constitute  a  major  argument  for  guidance 
systems.  However  other  factors  such  as  the  wider  relationship  of 
the  various  systems  to  their  host  building,  capital  and  running 
costs  and  benefits  to  user  of  the  lighting  system  mean  that 
savings  must  be  viewed  as  part  of  a  wider  cost/benefit  analysis 
rather  than  in  isolation. 

This  work  analyses  costs  and  benefits  of  using  DGS  to  light 
offices  as  an  alternative  to  ELS.  The  study  uses  firstly,  conventional 
quantifiable  measures  of  cost  and  benefit  and  secondly,  additional 
benefits  including  cooling  loads  savings,  carbon  emission  savings, 
and  user  productivity  improvements. 
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Table  1 

Costs  and  benefits  associated  with  lighting  systems. 


Glossary  of  terms 

DGS  daylight  guidance  system 

ELS  electric  lighting  system 

EU  European  Union 

HLS  hybrid  lighting  system 

HRE  heat  replacement  effect 

HSL  Hybrid  Solar  Lighting  (commercially  available 
product) 

NPV  net  present  value 

PB  payback  period 

PV  present  value 

SCIS  Solar  Canopy  Illuminance  System  (commercially 

available  product) 

TDGS  tubular  daylight  guidance  system  (generic  name  for 
a  range  of  commercially  available  products) 

WLCC  whole  life  cycle  costing 


2.  Lighting  economics 

The  most  widely  used  method  of  assessing  financial  viability  of 
lighting  schemes,  simple  payback,  is  defined  as  the  time  taken  for 
running  cost  savings  to  payback  initial  capital  cost.  Its  main 
drawbacks  are  that  it  does  not  consider  the  ‘time  value’  of  money 
(the  fact  that  the  present  capital  is  more  valuable  than  a  similar 
amount  of  money  received  in  the  future)  and  that  savings  that 
occur  beyond  the  payback  period  are  not  taken  into  account.  Also 
simple  payback  takes  no  account  of  the  worth  of  the  improved 
lighting  —  e.g.  increased  user  productivity  or  rental  value,  or  envi¬ 
ronmental  benefits.  The  methodology  used  in  this  study  to  evaluate 
system  costs  and  benefits  is  whole  life  cycle  costing  (WLCC)  which 
permits  diverse  factors  influencing  a  lighting  scheme  to  be 
considered. 

2.1.  Costs  and  benefits 

The  main  costs  and  benefits  associated  with  lighting  systems  are 
summarised  in  Table  1.  For  each  there  are  differences  in  both  in  the 
ease  of  which  they  may  be  quantified,  and  the  magnitude  of  their 
effect  on  the  outcome  of  any  analysis.  Cost  and  benefit  analysis  is 
conventionally  undertaken  for  the  more  readily  quantifiable  Level  1 
items  identified  in  Table  1.  These  so-called  ‘tangible’  aspects  include 
initial  capital  and  running  costs,  and  direct  savings  due  to  the  use  of 
the  systems. 


Costs 

Benefits 

Level  1 

Initial  capital  cost 

Electricity  savings 

Tangible  items’ 

Running  cost 

Electric  lighting  system  capital 
and  maintenance  saving 

Level  2 

Opportunity  cost  of 

Building  heating/cooling 

‘Intangible  items’ 

floor/roof  space. 

savings 

Carbon  tax  savings 

Effect  of  daylight  on 
human  well-being 

Enhanced  corporate  prestige 
Residual  value 

The  Level  2  benefits  are  known  as  ‘intangible’  as  they  are  by 
their  nature  more  difficult  to  identify  and/or  quantify.  Also  their 
relative  importance  varies  widely  between  different  applications. 
Heating/cooling  and  carbon  tax  benefits  for  example  will  vary  with 
geographic  location.  The  benefits  of  using  one  particular  luminaire 
rather  than  another,  in  terms  of  increased  company  prestige,  is 
difficult  to  quantify  but  might  be  reflected  in  building  rental  values. 
The  benefits  of  improvements  in  building  occupant  well-being  due 
to  the  beneficial  effects  of  enhanced  daylight  are  also  difficult  to 
quantify.  However  since  staff  costs  are  the  largest  proportion  of  the 
total  running  cost  of  many  types  of  building,  notably  offices,  any 
benefits  such  as  enhanced  productivity  are  potentially  large. 

2.2.  Whole  life  cycle  costing  (WLCC) 

The  WLCC  method  takes  into  account  the  costs  of  running  and 
operating  buildings  or  components  over  the  entire  lifespan  or  some 
specified  period  of  time.  The  ‘time  value’  of  money  is  acknowledged 
by  use  of  the  present  value  method  (PV)  which  compounds  and 
discounts  cash  flows  to  reflect  the  increased  value  of  money  when 
invested  [2].  PV  is  computed  as  follows: 

PV=FV(l+r)“t  (1) 

FV  =  K(1  +  i)1  (2) 

where:  PV  =  present  value,  FV  =  future  value  of  capital,  K  =  annual 
cost,  r  =  discount  rate,  i  =  inflation  rate,  t  =  period  of  analysis. 

The  net  present  value  (NPV)  is  an  approach  used  in  WLCC 
budgeting  where  the  present  value  of  cash  flow  is  subtracted  from 
that  of  cash  outflows  [2].  NPV  is  thus  a  metric  for  measuring  the  net 
value  of  an  investment  in  building  assets  in  today’s  money. 


Fig.  1.  Hybrid  lighting  systems:  A  Hybrid  Solar  Lighting  (HSL);  B  Parans  system;  C  Solar  Canopy  Illuminance  System  (SCIS). 
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Accordingly,  when  the  difference  between  alternative  lighting 
systems  reaches  zero,  this  is  a  turn  point  where  a  system  pays  back 
the  investment  and  gains  benefits. 

NPV  is  calculated  using  the  following  formula: 

NPV  =  ^(PVb  -  PVC)  (3) 

where:  PVb  =  discounted  present  value  of  benefits, 
PVC  =  discounted  present  value  of  costs. 

From  Eq.  (3)  the  NPV  can  be  calculated  as  follows: 


inflation,  electricity  inflation,  labour  cost  inflation  and  discount 
rates  respectively. 

In  this  work  all  systems  are  considered  to  have  both 
a  daylight  and  electric  component  and  thus  for  hybrid  systems 
the  cost  of  a  separate  electric  system  is  zero.  TDGS  costs 
comprise  guidance  system  capital  costs  and  maintenance,  and 
a  separate  ELS  is  assumed.  The  benefits  set  out  in  Level  2  of 
Table  1  are  discussed  later  and  are  included  in  the  total  annual 
cost  savings  (AK5). 


NPV  =  I0_EL  +  ^PVe_EL  +  £PVm_EL  -  [(Io_EL  +  ^PVe_EL  +  £PVm_El)  +  (Io_DL  +  ^PVm_Dl)  +  ^PVj  -  AAPVS  —  Rq] 

=  -  [(Iojjl  +  2PVm_dl)  +  ZPVj  -  SAPVs  -  Ro]  (4) 

=  £APVs  +  Rq  —  pO_DL  +  A'PV  M_DL  +  SPVJ] 


where:  Io_el  ELS  initial  investment  [£],  Io_dl  daylighting  system 
initial  investment  [£],  PVe_el  PV  of  ELS  annual  energy  cost  [£], 
PVm_el  PV  of  ELS  annual  maintenance  cost  [£],  PVm_dl  PV  of 
daylighting  system  annual  maintenance  cost  [£],  PVj  PV  of  future 
investment  for  replacement  [£],  APVS  PV  of  total  annual  cost 
saving  over  use  of  ELS  only  [£],  Ro  residual  value  of  the  lighting 
system  [£] 

This  analysis  considers  NPV  of  costs  and  benefits  of  using 
daylight  guidance  to  light  offices  as  an  alternative  to  conventional 
ELS.  Assuming  that  the  daylight  guidance  capital  investment  occurs 
at  present  and  future  costs  are  due  to  periodic  maintenance,  then 
these  investments  will  result  in  annual  energy  and  maintenance 
cost  savings  through  the  system  lifetime.  Using  Eqs.  (1)  &  (2)  NPV 
can  be  expressed  as  follows: 


NPV=  VAKs(1+t‘)t  +  Ro- 

t\  a+r)f 


T  ,  KM_Dl(1  +  Im)1 

,oj,i+s  <1 + r)* 


_l_  Ii(l  +  i)J~ 

j=w  (l+r)j_ 


(5) 


where:  AKS  total  annual  cost  saving  over  use  of  ELS  only  [£],  Km_dl 
daylighting  system  annual  maintenance  cost  [£],  I0_dl  daylighting 
system  initial  investment  [£],  Ro  residual  value  of  the  lighting 
system  [£],  Ij  the  investment  for  replacement  j  at  time  x,  y  or  z  [£],  t 
considered  time  period  for  evaluation  [year],  r  discount  rate,  i 
inflation  rate,  iM  maintenance  inflation  rate 

Comparing  Equations.  (3)  &  (5)  shows  that  the  total  annual  cost 
savings  and  the  residual  values  representing  benefits.  Costs  for 
a  DGS  are  made  up  of  initial  and  replacement  costs  and  annual 
maintenance  cost.  Thus  a  NPV  of  zero  indicates  that  the  sum  of  the 
savings  and  residual  value  equal  the  DGS  initial,  replacement  and 
maintenance  costs. 

Typical  inflation  in  countries  with  stable  economies  is  under 
5%.  In  the  UK  over  the  last  decade,  the  consumer  price  index  of 
annual  inflation  ranged  between  0.8%  and  3.8%,  with  mean  of 
2.3%  [3].  Over  the  same  period  of  time  electricity  inflation  has 
been  between  -2.1%  and  23.4%,  with  mean  of  e.5%1.  Labour  costs 
inflation  was  between  -6.7%  and  13.8%,  with  mean  of  2.8%2.  The 
average  annual  UK  official  bank  interest  rate  is  between  0.5% 
and  6%,  with  mean  of  4.3%  [4].  In  this  work  the  mean  values  are 
used  and  thus  2.3%,  6.5%,  3.5%  and  4.3%  represent  general 


1  Electricity  inflation  percentages  have  been  calculated  using  the  electricity  pri¬ 
ces  over  the  last  decade  [5]. 

2  Labour  costs  inflation  percentages  have  been  derived  from  the  UK  hourly  labour 
costs  [6]. 


3.  Evaluation  process 

Previous  work  studied  the  light  delivery  potential  of  light 
guidance  at  various  locations  throughout  Europe  [1].  This  work 
studies  the  cost  of  their  use  in  representative  locations. 

3.1.  Variables  in  the  study 

Two  European  locations  were  selected:  London  (51°N,  0°)  and 
Valencia  (39N,  0°)  as  representative  of  northern  European  and 
Mediterranean  locations.  The  DGS  used  are  the  only  currently 
available  hybrid  systems:  Hybrid  Solar  Lighting  (HSL),  Parans,  and 
Solar  Canopy  Illuminance  (SCIS)  systems,  and  the  widely  used 
passive  TDGS. 

The  systems  were  assumed  to  light  office  spaces.  Offices  are 
major  employment  locations  and  constitute  a  large  sector  of  the 
total  building  stock.  For  almost  all  office  buildings  working  hours 
coincide  with  daylight  hours.  Electric  lighting  is  the  major  energy 
consumer  in  offices  and  thus  a  case  exists  for  the  provision  of 
daylight  as  a  substitute.  Daylight  guidance  manufacturers  have 
targeted  offices  as  a  major  market.  This  work  is  based  on  the 
lighting  of  a  windowless  modular  space  of6mx  12mx3m  high, 
with  the  short  edge  facing  south,  using  each  system  in  turn.  The 
modules  can  be  used  to  represent  common  office  floor  plan 
configurations;  for  example,  side-by-side  forming  a  multi-storey 
narrow-plan  building  or  multiple  modules  in  two  directions 
forming  a  single-storey  deep-plan  building.  Reflectance  of  ceiling, 
walls  and  floors  are  70%,  50%  and  20%  respectively.  Average  illu¬ 
minance  level  on  work  plane,  0.8  m  from  the  floor,  is  assumed  as 
300  lx  over  annual  working  hours  of  3650  h. 

3.2.  System  costs 

Calculations  indicated  that  two  HSL  systems,  two  SCIS,  or  eight 
Parans  systems  were  required  to  light  each  module  to  the  design 
illuminance  level  assuming  an  external  normal  beam  illuminance 
of  30  klx,  equal  to  the  European  average.  In  actual  conditions  there 
would  be  considerable  variation  in  external  conditions  and  any 
consequent  shortfall  in  daylight  contribution  would  be  made  up  by 
the  linked  electric  systems.  As  the  HLS  market  is  still  growing  two 
capital  costs  are  used;  the  first  the  current  cost  for  low  volume 
production,  and  the  second  that  predicted  for  high  volume.  In  the 
absence  of  one  or  the  other  the  ‘experience  curve’  approach  was 
used  in  which  costs  fall  by  a  constant  and  predictable  percentage 
each  time  cumulative  volume  doubles.  Studies  suggest  reduction  of 
10-30%  [7,8],  which  was  used  to  estimate  Parans  high  volume  and 
SCIS  low  volume.  The  low  volume  cost  for  HSL  was  its  2007  launch 


Table  2 

Cost  summary. 
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System  No  Low  volume  production  capital  cost  (£)  High  volume  production  capital  cost  (£)  Annual  running  cost  (£) 


Initial 

Installation 

Total 

Cost/m2 

Initial 

Installation 

Total 

Cost/m2 

Elec.a 

- 

- 

- 

- 

- 

- 

- 

3672 

51.0 

126 

TDGS 

10 

- 

- 

- 

4118 

2359 

6477 

90.0 

89 

HSL 

2 

20000 

3750 

23750 

329.9 

3750 

1250 

5000 

69.4 

424 

Parans 

8 

84964 

1061 

86025 

1194.8 

19984 

1061 

21045 

292.3 

289 

SCIS 

2 

7470 

2184 

9654 

134.1 

1250 

2184 

3434 

47.7 

314 

a  Fit  out  cost  only  is  included  to  be  comparable  with  the  other  systems. 


cost,  and  a  predicted  high  volume  cost  was  provided  by  the 
developer  [9].  Since  the  Parans  system  is  available  on  the  market, 
the  current  list  price  was  used.  Installation  costs  were  obtained 
using  manufacturers  instructions  and  standard  labour  costs  [10]. 
The  SCIS  is  still  in  the  demonstration  stage  and  actual  costs  are  not 
available.  The  developers  suggest  a  cost  of  £6253  for  the  whole 
system  based  on  10000  units  produced  per  year  [  11  ].  An  estimate  of 
low  volume  production  cost;  using  the  ‘experience  curve’  suggests 
a  unit  cost  of  £3735.  An  estimate  by  the  authors  based  on  system 
components  prices,  and  standard  labour  costs  gives  £3800.  TDGS 
numbers,  estimated  using  the  CIE  calculation  method,  suggested 
that  10  N°  450  mm  diameter  were  necessary  to  give  300  lux 
assuming  an  external  illuminance  of  35klx  (hourly  mean  of  global 
horizontal  illuminance  over  Europe)  [12,13].TDGS  manufacturers’ 
high  volume  prices  were  used  [14,15]. 

3.3.  Calculation  results 

Results  of  this  study  are  expressed  in  terms  of  payback  period 
(PB).  The  present  work  assumes  the  building  life  of  20  years  used 
for  UK  health  estate  analysis  [16].  For  each  system  in  every  location 
PB  curves  are  plotted  using  an  electricity  price  range  between  10  p/ 
KWh  (£0.10/kWh)  and  50  p/KWh  (£0.50/kWh).  The  electricity  price 
median  over  EU-27  countries  in  2009  is  14.01  p/kWh,  which  has 
risen  some  46%  in  5  years  [5].  The  50  p/kWh  figure  represents  the 
expected  long  term  price.  The  PB  curves  show  the  variation  in  the 
PB  by  year  against  different  system  costs  and  electricity  prices 
alternatives. 

4.  Tangible  costs  and  benefits 

4.1.  Costs 

Initial  capital  cost  is  the  one-off  cost  of  equipment  at  the 
beginning  of  a  project.  For  purposes  of  this  work  the  standard 
elements  used  in  the  calculations  include  equipment  price  and 
installation  fees  (excluding  delivery  charges,  taxes,  design  fees, 
building  adaptation  cost,  and  overheads).  The  data  are  either 
obtained  from  manufacturers’  price  lists,  if  available,  or  are  calcu¬ 
lated  from  engineering  price  databases  [10,17].  Running  costs  are 
incurred  throughout  the  life  of  the  project  include  maintenance, 
repair  and  replacement  costs  (hereafter,  altogether  called  mainte¬ 
nance)  and  electric  power  cost.  Lamps  are  assumed  to  be  replaced 
at  the  end  of  their  nominal  life.  Passive  and  active  daylight 
elements  are  assumed  to  require  regular  cleaning,  and  active 
systems  assumed  to  require  also  regular  visits  for  repair  and 
inspection  by  skilled  labour.  Labour  rates  and  estimated  cleaning 
time  was  obtained  from  maintenance  price  books  [18].  Electricity 
rates  have  been  obtained  from  the  European  Commission  statistics 


3  Currency  exchange  rate  of  £1  =US  $1.6  is  used  throughout  the  paper. 


[5].  Table  2  summarizes  the  initial  and  annual  running  costs  for 
both  high  and  low  volume  capital  costs. 

4.2.  Benefits 

Since  hybrid  lighting  systems  include  lamps  there  is,  unlike 
TDGS,  no  necessity  for  a  separate  ELS  offering  a  capital  cost  saving. 
The  main  benefit  of  DGS  however  is  that  available  daylight  is  used 
to  supplement  or  replace  ELS  output,  offsetting  energy  consump¬ 
tion  and  reducing  maintenance  costs.  Energy  load  saving  is  esti¬ 
mated  using  software  developed  by  the  authors  [1  ].  The  percentage 
maintenance  cost  saving  is  assumed  to  be  equal  to  the  percentage 
of  full  daylight  utilization  during  the  assumed  annual  working 
hours. 

5.  Intangible  costs  and  benefits 

5.1.  Saving  in  cooling/heating  loads 

ELS  generates  heat  which  although  welcome  in  the  heating 
season  is  undesirable  in  the  cooling  season.  Luminaire  design  is 
a  major  influence.  Recessed  luminaires  transfer  some  50%  of  the 
heat  into  the  ceiling  cavity,  whereas  virtually  all  that  from  sus¬ 
pended  luminaires  enters  the  room  [19].  All  lamp  types  dissipate 
a  large  portion  of  input  energy  as  radiant  heat  (Infra  Red)  and,  to 
a  lesser  extent,  by  convection  to  the  surrounding  air  (see  Table  3). 
Only  about  10%  of  the  radiant  heat  is  absorbed  by  the  air,  most 
being  absorbed  by  high  thermal  capacity  walls  and  room  contents 
without  any  significant  increase  in  temperature.  In  contrast,  heat 
lost  through  convection  direct  affects  the  temperature  of  the 
surrounding  air  [20]. 

5.1.1.  Comfort  zone 

The  desire  to  provide  comfort  temperatures  in  buildings  deter¬ 
mines  the  duration  of  heating  and  cooling  seasons.  Current  design 
thinking  is  that  occupants  accept,  and  perhaps  even  like,  variation 
of  temperature  over  time,  provided  that  it  remains  within  overall 
limits  [21].  This  work  uses  weather  data  [22]  and  climate  software 
[23]  to  determine  thermal  comfort  zone  using  either  heating  or  air 
conditioning.  Fig.  2  shows  an  example  of  a  psychometric  chart  for 


Table  3 

Power  transformation  forms  for  different  lamp  types. 


Lamp  type 

Radiation  power  % 

Heat  % 

Total  heating 
power  % 

Visible 

Light 

Infra 

Red 

Ultraviolet 

Conducted/ 

Convict 

Filament  lamp  GLS 

9 

84 

<0.1 

7 

14.5 

Tungsten  Halogen 

13 

79 

0.1 

8 

16.0 

Fluorescent  tube 

25 

35 

0.4 

40 

43.5 

Compact  F  L 

24 

45 

1 

30 

34.5 

Daylight  (6500  K) 

53 

42 

5 

0 

4.0 
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6.0%  1  Comfort  (526  hrs) 

2  Sun  Shading  (0  hrs) 

3  High  Thermal  Mass  (0  hrs) 

4  High  Thermal  Mass/Night  Flushing  (0  hrs) 

5  Direct  Evaporative  Cooling  (0  hrs) 

6  Natural  Ventilation  Cooling  (0  hrs) 

7  Internal  Heat  Gain  (0  hrs) 

8  Passive  Solar  Direct  Gain  Low  Mass  (0  hrs) 

9  Passive  Solar  Direct  Gain  High  Mass  (0  hrs) 

10  Humidification  (0  hrs) 

1 1  Wind  Protection  (0  hrs) 

19.8%  12  Conventional  Air  Conditioning  (1735  hrs) 
74.2%  13  Conventional  Heating  (6499  hrs) 

100.0%  Composite  of  Selected  Strategies 


WET-BULB 
TEMPERATURE 
DEG  C 


RELATIVE  HUMIDITY  100%  80% 
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DESIGN  STRATEGIES:  JANUARY  through  DECEMBER 


Fig.  2.  Psychometric  chart  for  Valencia. 


Valencia,  showing  comfort,  air  conditioning,  and  heating  zones.  The 
percentage  of  different  temperature  zones  during  assumed 
working  hours  is  estimated  using  the  two-hourly  means  of  monthly 
temperatures  zones  charts  and  is  shown  in  Fig.  3. 


5.1.2.  Heat  replacement  effect 

Heat  replacement  effect  (HRE)  is  the  process  where  energy 
savings  achieved  by  reducing  electric  lighting  consumption  is  offset 
by  adjustment  in  the  energy  required  from  the  heating/cooling 


Fig.  3.  Two-hourly  means  of  monthly  average  temperature  zones. 
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system.  The  adjustment  to  heating  or  cooling  loads  in  their 
respective  seasons  can  be  estimated  as  set  out  below.  This  assumes 
UK  practice  of  heating/cooling  system  is  controlled  by  a  thermostat, 
the  heating  system  is  a  gas-fired  wet  central  heating,  and  the 
cooling  system  is  a  chilled  water  fan  coil  units  [24].  Efficiency 
values  for  other  heating  and  cooling  systems  can  be  obtained  from 
reference  24.  Solar  heat  transmission  via  DGS  is  assumed  to  be 
negligible  [9,12,25,26]. 

The  following  parameters  are  used: 

ha  annual  operating  hours  [hour] 

Sh  percentage  of  heating  season  [%  of  ha] 

Sc  percentage  of  cooling  season  [%  of  ha] 

Wo  power  of  original  lighting  system  [kW] 

Wn  power  of  new  lighting  system  [kW] 

HER0  heating  efficiency  ratio  of  old  lighting  system,  (from  Table 
3,  column  6)  [%] 

HERm  heating  efficiency  ratio  of  new  lighting  system,  (from 
Table  3,  column  6)  [%] 

HGE  heat  generator  efficiency  for  heating  system  [84%  according 
to  Ref.  24] 

EER  energy  efficiency  ratio  of  cooling  system  [340%  according  to 
Ref.  24] 

Te  electricity  tariff  [£/kWh] 

Tg  gas  tariff,  (Tg  can  be  assumed  =  0.21  Te)  [£/kWh] 

Emitted  heat  of  original  lighting  system(kWh) 

=  (IvWo)HERo  (6) 

Emittedheatofnewlightingsystem(kWh)  =  (ha-WN)HERN  (7) 
From  Eqs.  (6)  &  (7): 

Reduction  in  heat  emission(kWh) 

=  [(haW0)HER0]-[(haWN)HERN] 

=  ha[(W0  HER0)  -  (WN  HERn)]  (8) 

HREduringheatingseason,HREH,(extraloadsonthe 
heating  system)  =  SH  •  ha[(W0  •  HER0)  -  (WN  •  HERN)]/HGE  (9) 

HREduringcoolingseason,  HREC,  (extra  saving  in  the 
coolingloads)  =  SCha  [(W0  •  EER0)  -  (WN  •  EERN)]/EER  (10) 

Net  HRE  =  HREh  -  HREC  (11) 

From  Equation  (11),  if  there  is  no  cooling  system  in  operation, 
using  more  efficient  lighting  system  results  in  extra  loads  on  the 
heating  system.  Meanwhile,  if  there  is  no  operating  heating  system, 
using  more  efficient  lighting  system  means  extra  saving  in  cooling 
loads. 

The  HRE  during  moderate  seasons,  between  21°  and  24°  as 
indicated  in  Fig.  3,  is  neglected  despite  the  fact  that  it  will  slightly 
offset  the  air  temperature  towards  heating/cooling  zone.  The  room 
air  temperature  is  assumed  to  be  remained  changing  within  the 
thermal  comfort  zone. 

The  HRE  annual  cost  and  saving  calculated  using  the  following 
formulas: 

Annual costof HREh  =  SH  ha[(W0 •  HER0)  - (WN •  HERN)]Tg/HGE 
=  HREh  Tg  (12) 

AnnualsavinginHREc  =  Sc  •  ha  [(W0  •  HER0)  -  (WN  •  HERN)]Te/EER 
=  HREHTe  (13) 


5.2.  Carbon  tax  savings 

ELS  account  for  up  to  30%  of  electricity  consumption  across  the 
office  sector,  and  substitution  by  daylight  offers  a  potential  for 
reducing  this.  Electricity  generation  is  one  of  the  largest  sources  of 
carbon  dioxide  (C02)  emissions,  which  comprises  a  significant 
amount  of  greenhouse  gas  emissions.  The  amount  of  C02  released 
into  the  atmosphere  depends  on  the  fuel  mix  used  in  generation  in 
different  countries.  Table  4,  derived  from  published  data,  shows  the 
influence  of  the  fossil/non-fossil  fuel  mix  on  ‘carbon  intensity’  -  the 
C02  emission  per  unit  of  generated  electricity  [27,28].  It  is  clear  that 
wide  variations  exist. 

A  number  of  systems  have  been  promulgated  to  ascribe  a  mone¬ 
tary  value  to  carbon  emission  pollution.  Global  carbon  trading  aims, 
as  set  out  in  Article  17  of  the  Kyoto  Protocol,  allows  countries  and 
organisations  that  have  emission  units  to  spare  -  emissions  which 
are  permitted  but  not  “used”  -  to  sell  this  excess  capacity  via  a  carbon 
trading  market  [29].  The  Kyoto  Protocol  established  a  legally  binding 
commitment  on  national  governments  to  reduce  greenhouse  gas 
emissions.  A  number  of  countries  have  applied  the  principle  of 
carbon  trading  -  ‘the  polluter  pays’  -  by  use  of  a  carbon  tax.  These 
first  enacted  in  1990  by  Finland,  are  effectively  a  tax  on  the  use  of 
fossil  fuels,  and  vary  in  method  of  application  between  countries.  The 
U.K.  version,  known  as  Climate  Change  Levy, was  introduced  in  2001 
and  is  currently  £0.0043/kWh  added  to  electricity  bills  [30]. 

5.3.  Effect  of  daylight  on  human  well-being 
5.3.1.  Preference  for  daylight 

The  popularity  of  daylight  as  a  light  source  in  buildings  is  due  to 
a  number  of  factors  related  to  its  enhancement  of  human  well¬ 
being.  Daylight  can  deliver  light  of  high  illuminance  together  with 
a  spectral  composition  that  ensures  favorable  perception  of  color.  It 
can  also  provide  meaningful  spatial  and  temporal  variation  in 
illuminance  providing  interior  conditions  that  are  bright,  visually 
interesting  and  dynamic.  Daylight  providers  such  as  windows  also 
provide  contact  with  the  exterior  and  can,  by  influencing  physio¬ 
logical  responses  such  as  the  regulation  of  diurnal  cycle  of  body 
activity,  improve  health  conditions  in  working  environments. 

Office  lighting  installations  equipped  with  ELS  and  conventional 
glazing  systems  provide  interior  conditions  that  satisfy  part  or  all  of 
the  above.  A  recent  study  of  quantity  and  quality  of  daylight 
delivered  by  TDGS  in  large  open  plan  offices  in  the  UK  suggests  that 
the  light  delivered  by  the  guides  was  recognized  by  users  as 
daylight  [31].  The  daylight  contribution  was  of  the  order  of  25%  of 
total  workstation  illuminance  but  the  guides  provided  minimal 
contact  with  the  exterior.  Although  user  views  suggested  that  TDGS 
were  inferior  to  windows  in  delivery  of  both  quantity  and  quality  of 
daylight,  there  was  evidence  that  user  satisfaction  improved  with 
increased  daylight  penetration.  Thus  it  appears  that  DGS  can,  if 
correctly  configured,  deliver  some  elements  of  ‘daylight’  to  areas  of 
office  buildings  remote  from,  or  devoid  of,  windows  [12].  Under 


Table  4 

C02  emissions  per  kWh  from  electricity  generation  for  year  2007. 


Country 

Energy  mix  (%) 

Carbon  intensity 
g  C02/kWh 

Fossil 

Hydro 

Nuclear 

Other 

renewable 

United  Kingdom 

71.4 

1.3 

20.3 

5.3 

500 

Sweden 

2.0 

46.9 

44.7 

4.4 

40 

Spain 

58.1 

6.9 

19.3 

9.4 

390 

Europe 

47.0 

13.3 

25.0 

10.2 

310 

United  State 

68.8 

6.6 

18.4 

4.4 

549 

World 

60.6 

23.1 

9.1 

4.3 

507 
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these  circumstances  the  benefits  of  the  delivered  daylight  could 
constitute  an  argument  in  favour  of  DGS  in  any  cost/benefit 
analysis. 

It  is  clear  that  DGS  can  introduce  some  elements  of  daylight  into 
areas  remote  from  windows.  Under  these  circumstances  the 
benefits  of  daylight  might  be  less  than  that  delivered  via  windows 
but  the  evidence  is  that  this  could  still  influence  user  well-being 
and,  possibly,  productivity.  Since  most  DGS  are  sold  on  the  premise 
of  delivering  daylight  to  interiors,  and  its  consequent  benefits,  it  is 
worth  speculating  what  the  magnitude  of  these  benefits  might  be 
as  part  of  the  cost/benefit  process. 

5.3.2.  Daylight  and  productivity 

Since  the  majority  of  office  costs  are  staff  salaries  (up  to  85%) 
and  in  comparison  energy  costs  are  tiny,  small  increases  in  staff 
productivity  are  equivalent  to  large  savings  in  energy.  Recent 
work  has  demonstrated  for  the  first  time  the  link  between 
lighting  conditions  and  feelings  of  health  and  well-being  [32].  It 
showed  that  people  who  perceived  their  office  lighting  as  being 
of  higher  quality  rated  the  space  as  more  attractive,  reported 
more  pleasant  mood,  and  showed  greater  well-being  at  the  end 
of  a  working  day.  Also  lighting  conditions  that  improved  visibility 
also  improved  task  performance.  This  is  a  large  step  in  the 
process  of  demonstrating  that  better  quality  lighting  can  enhance 
productivity. 

In  industrial  or  retail  settings,  productivity  may  be  measure¬ 
ment  of  output  per  worker  or  sales  per  worker.  In  knowledge- 
based  work  typical  of  offices  productivity  encompasses  a  much 
wider  range  of  variables  some  of  which  are  measurable;  such  as 
speed  and  accurately  of  task  completion  in  rule-based  jobs  such 
as  call  centres.  Generally  any  assessment  is  confounded  by  factors 
contributing  to  employee  productivity  -  motivation,  health,  and 


corporate  culture  for  example  -  making  it  difficult  to  determine 
how  much  to  assign  to  the  lighting  system  improvement.  Despite 
the  difficulties  of  quantification  it  is  clear  that  any  small 
improvement  in  worker  performance  would  reap  huge  benefits. 
Data  from  the  Centre  for  Building  Performance  and  Diagnostics  at 
Carnegie  Mellon  University  (CMU)  estimates  building  costs/m2 
for  offices.  Physically  housing  employees  and  their  activities  is 
typically  around  £437.5/m2  (for  lease/mortgage,  utilities  and 
facilities  management  costs)  while  their  salaries  cost  up  to 
£2000/m2.  Thus  costs  of  employees  is  some  160  times  that  of 
energy.  The  CMU  work  went  on  to  demonstrate  that  daylight  in 
the  offices  studied  yielded  an  annual  energy  cost  savings  of  £76 
per  employee  (£7/m2)  and  annual  productivity  gains  of  £1547  per 
employee  (£142/m2).  It  also  identified  in  five  case  studies  indi¬ 
vidual  productivity  benefits  from  daylighting  ranging  from  0.45% 
to  15%,  with  an  average  improvement  of  5.5%  annually  [33].  The 
CMU  case  studies  were  conventional  offices  equipped  with 
windows.  Since  DGS  do  not  deliver  all  elements  of  ‘daylight’  it 
would  be  anticipated  that  any  improvements  in  offices  partially 
or  wholly  lit  in  this  manner  would  be  lower.  For  purposes  of  this 
study  a  1%  productivity  gain  is  assumed  amounting  to  £28/m2 
based  on  the  CMU  figures. 

6.  Using  WLCC  method  to  estimate  payback  periods 

The  calculation  was  performed,  firstly,  for  the  costs  and 
benefits  set  out  in  Level  1  of  Table  1  (the  ‘base  case’),  and 
subsequently  including  the  effects  of  the  heat  replacement, 
carbon  tax  and  productivity  Level  2  benefits.  Finally  the  effect  of 
all  of  the  identified  costs  and  benefits  were  examined.  NPV  has 
been  calculated  for  each  of  20  years  in  order  to  determine  the 
payback  point. 


London,  System  price  (%of  the  Current)  &  Electricity  price  (p/kWh) 


Fig.  4.  TDGS  -  payback  period  for  base  case,  and  base  case  including  the  effect  of  individual  intangible  cost/benefits. 
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The  calculation  was  repeated  for  all  DGS  at  each  location  using 
the  following: 

-  Capital  and  annual  running  costs  summarised  in  Table  2. 

-  PB  calculations  initially  assumed  a  capital  cost  for  low  volume 
production  (indicated  as  100%).  The  calculations  were  repeated 
assuming  capital  cost  reductions  in  the  initial  cost. 

-  Likely  savings  as  discussed  in  Section  4.2. 

-  Inflation  and  discount  constant  rates  as  set  out  in  Section  2.2 

-  Range  of  electricity  prices  as  detailed  in  Section  3.1. 

Payback  periods  for  all  systems  at  each  location  were  calculated 
using  Equation  (5).  The  results  are  expressed  in  two  ways.  The 
histograms  in  Figs.  4-7  show  the  payback  period  for  the  base  case 
(Level  1  cost/benefits),  and  the  base  case  including  the  effect  of  each 
individual  Level  2  cost/benefit.  Note  that  in  some  cases  the  payback 
period  is  in  excess  of  20  years.  The  graphs  in  Figs.  8-11  illustrate  the 
effect  on  payback  period  for  both  locations  of  the  Level  1  costs  and 
benefits,  and  Levels  1  and  2  combined.  The  dotted  line  on  the  graph 
identifies  the  local  electricity  price  for  2009  for  each  location. 

6.1.  Base  case 

It  is  clear  from  Figs.  4-7  that  the  two  main  factors  influencing  PB 
are  electricity  price  and  system  cost.  Investment  in  TDGS  at  current 
market  prices  result  in  a  PB  of  5-6  years  assuming  electricity  prices 
of  50  p.  Whilst  this  price  might  be  reached  in  the  long  term,  elec¬ 
tricity  prices  nearer  to  the  EU  median  give  PB  of  between  12  and  16 
years.  In  general  it  can  be  observed  that  the  HLS  systems  have 
longer  PB  than  TDGS  even  using  favourable  assumptions. 


The  HSL  system  has  a  PB  period  above  20  years  except  when 
assuming  a  low  capital  cost  (20%  of  current)  and  electricity  prices  in 
access  of  40  p  for  Valencia.  The  Parans  system  has  PB  of  over  20 
years  for  all  locations  even  under  the  most  favourable  circum¬ 
stances  of  a  Southern  location,  electricity  at  50  p  and  a  mean 
external  illuminance  greater  than  60  klx.  The  lower  estimated 
capital  cost  of  SCIS  gives  PB  of  5  years  in  Southern  locations  using 
50  p  electricity.  Ten  year  PB  are  achieved  even  using  current  capital 
costs  assuming  30  p  electricity  prices  in  the  South  and  40  p  in  the 
North.  In  general  it  is  can  be  observed  that  the  more  complicated 
HLS  systems  (HSL  and  Parans)  have  a  long  PB;  the  simplest  system, 
TDGS,  has  a  short  PB;  while  SCIS  may  have  a  short  PB  in  sunny 
locations. 

6.2.  Heating/ cooling  savings 

The  heating  periods  in  London  and  Valencia  are  96.7%  and  60% 
respectively  of  annual  working  hours  from  0800  to  1800  (see  Table 
5).  From  inspection  of  Figs.  4-7  it  is  apparent  that  the  heating 
replacement  effect  raises  the  PB  due  to  the  extra  loads  on  the 
heating  system.  Although  25%  of  the  working  hours  in  Valencia  fall 
in  the  cooling  zone,  this  is  not  enough  to  balance  the  effect  of  the 
heating  hours  since  more  energy  is  required  to  increase  air 
temperature  one  degree  than  to  decrease  it. 

Figs.  4—7  show  that  the  HRE  slightly  raised  the  PB  for  all  systems 
in  both  locations,  though  that  in  Valencia  is  generally  about  half 
that  of  London.  In  Valencia  the  PB  of  TDGS  rose  by  0.2-0.5  years, 
that  of  HSL  system  by  0.1 -0.9  years,  Parans  system  by  0.3  year  and 
that  of  SCIS  0.0-1.2  year,  all  assuming  either  current  market  price 
or  estimated  high  volume  production  price. 
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Fig.  5.  HSL  -  payback  period  for  base  case,  and  base  case  including  the  effect  of  individual  intangible  cost/benefits. 
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100%  60%  20%  100%  60%  20%  100%  60%  20% 

lOp  30p  50p 

London,  System  price  (%  of  the  Current)  &  Electricity  price  (p/kWh)  ■  Base  case  ■  HRE  u  C02  u  Productivity 


100%  60%  20%  100%  60%  20%  100%  60%  20% 

lOp  30p  50p 

Valencia,  System  price  [%  of  the  Current)  &  Electricity  price  (p/kWh)  u  ^  case  H  HRE  u  C02  y  Productivity 


Fig.  6.  Parans-  payback  period  for  base  case,  and  base  case  including  the  effect  of  individual  intangible  cost/benefits. 


6.3.  Carbon  tax  savings 

The  effect  of  Carbon  tax  savings  on  the  PB  is  very  small  using  the 
current  UK  Climate  Change  Levy  tariff.  This  is  slightly  below  the 
average  of  such  taxes  enacted  in  different  countries  but  it  is  clear 
that  the  effect  on  PB  is  negligible  in  comparison  with  other  vari¬ 
ables.  Figs.  4-7  suggest  that  the  PB  reduction,  in  both  locations  and 
with  any  system,  ranges  from  zero  to  a  maximum  of  0.5  year. 

6.4.  Productivity  improvement  effect 

The  productivity  improvement  of  1%,  which  assumes  the 
maximum  possible  delivery  of  daylight  by  the  DGS  over  the 
working  hours,  is  reduced  by  the  percentage  of  daylight  actually 
delivered  due  to  diurnal  and  seasonal  variation. 

It  is  apparent  that  the  productivity  effect  gives  the  most 
favourable  payback  of  any  of  the  Level  2  benefits.  For  TDGS  and  SIC 
systems  the  PB  is  generally  below  5  years  for  all  combinations  of 
other  variables.  For  FISL  and  Parans  the  high  capital  costs  mean  that 
PB  are  of  the  order  of  20  years  even  taking  into  account  any 
productivity  effects.  The  productivity  gains  do  vary  with  location 
due  to  the  greater  delivered  quantities  of  delivered  daylight  in 
southern  locations.  Although  this  result  needs  to  be  treated  with 
caution  because  of  the  assumptions  made,  it  does  suggest  that  the 
argument  that  small  increases  in  staff  productivity  are  equivalent  to 
large  savings  in  energy  has  some  substance. 

7.  Discussion 

Daylight  guidance  technology  has  only  been  commercially 
exploited  over  the  past  fifteen  years  or  so  and  consequently  the 


accumulated  technical  and  economic  experience  of  its  use  is 
limited.  Of  the  two  main  guidance  types  tubular  daylight  guidance 
systems,  although  commercially  successful,  have  been  used  to  light 
only  a  limited  number  of  working  buildings,  mainly  offices, 
worldwide.  The  newer  hybrid  daylight/electric  systems,  although 
on  the  market,  have  to  date  been  used  for  only  a  handful  of  actual 
installations. 

This  work  concerns  whole  life  cycle  economic  analysis  of 
daylight  guidance.  Current  practice  for  application  of  this  method 
to  lighting  systems  is  to  include  only  capital  cost  items,  and  running 
costs  such  as  electricity  and  maintenance.  The  associated  ‘Level  V 
benefits  are  mainly  savings  in  electricity  by  daylight  substitution, 
and  maintenance.  This  work  uses  whole  life  cycle  methods  for 
interiors  lit  using  daylight  guidance  and  electric  systems  but 
extends  the  analysis  to  include  a  range  of  ‘Level  2'  costs  and 
benefits.  The  latter  may  include  the  cost  of  accommodating  guid¬ 
ance  systems  in  a  building,  and  the  range  of  possible  benefits 
include  reductions  in  heating/cooling  loads,  reduction  in  carbon 
taxes  and  improvement  in  well-being  and  productivity  of  occu¬ 
pants  due  to  daylight. 

This  work  is  based  on  a  number  of  assumptions  about  the 
systems  and  their  mode  of  use  and,  to  aid  the  interpretation  of  the 
results,  it  is  perhaps  worth  restating  these.  Assumptions  are 
necessary  because  DGS  is  a  new  technology  for  which  full  infor¬ 
mation  is  not  available.  The  Level  1  capital  costs  are  those  appro¬ 
priate  to  high  volume  production.  For  some  systems  market  price  is 
used.  For  some  hybrid  systems  which  are  not  at  that  stage,  high 
volume  costs  have  been  estimated  using  the  ‘experience  curve’ 
based  on  published  costs  of  prototypes  in  the  expectation  that  costs 
will  reduce  as  the  technology  matures.  Flistory  suggests  that  this 
has  been  the  case  for  TDGS.  Also  there  is  little  published 
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Fig.  7.  SCIS-  payback  period  for  base  case,  and  base  case  including  the  effect  of  individual  intangible  cost/benefits. 


information  on  DGS  running  costs  and  therefore  realistic  assump¬ 
tions  have  been  made  on  the  range  of  present  and  future  electricity 
prices  and  system  maintenance.  Throughout  the  work  costs  of 
building  modification  necessary  to  accommodate  guidance 
systems,  particularly  in  multi-storey  buildings,  have  been  excluded 
since  these  are  specific  to  a  particular  building.  These  may  be 
substantial  for  some  system  types,  particularly  in  relation  to  light 
transport  components,  and  might  include  capital  costs  of  ducts  and 
associated  opportunity  cost  of  lost  floor  area.  For  systems  that  use 
optical  fibre  light  transport  they  will  be  minimal.  TDGS  guides 
require  substantial  duct  accommodation  whilst  the  SCIS  requires  at 
least  extra  storey  height  and,  potentially,  almost  dictates  that  the 
whole  building  be  designed  around  it.  There  are  a  number  of 
assumptions  relating  to  the  Level  2  costs/benefits.  The  heating  and 
cooling  systems  used,  and  the  carbon  taxes,  were  those  typically 
used  in  UK  practice.  Although  other  assumptions  might  apply  in 
other  countries  and  geographic  locations  it  has  been  demonstrated 
that  the  effects  of  both  on  overall  cost/benefit  are  small. 

One  of  the  major  marketing  arguments  used  for  guidance 
systems  is  that  it  leads  to  improvement  in  human  well-being  in 
working  areas  due  to  the  delivery  of  daylight.  In  order  to  investigate 
the  magnitude  of  the  possible  productivity  effect  due  to  guided 
daylight  a  complex  set  of  assumptions,  each  of  which  might  be 
challenged,  is  necessary.  The  most  important  assumption  relating 
to  productivity  is  that  it  may  be  used  as  part  of  a  lighting  cost/ 
benefit  exercise.  A  link  has  recently  been  reported  between  lighting 
conditions  and  feelings  of  health  and  well-being,  and  that  lighting 
conditions  which  improved  visibility  also  improved  task  perfor¬ 
mance.  This  is  a  large,  but  far  from  conclusive,  step  in  the  process  of 
demonstrating  that  better  quality  lighting  can  enhance  produc¬ 
tivity.  Assuming  that  such  a  link  exists  the  current  work  has  used 


data  on  user  productivity  enhancements  based  on  conventional 
offices  with  windows  with  the  benefits  reduced  in  proportion  to 
the  quantity  of  diurnal  and  seasonal  daylight  shown  to  be  delivered 
by  DGS.  It  should  be  noted  that  the  remaining  two  Level  2  benefits 
listed  in  Table  1  have  not  been  included  in  this  work.  Enhanced 
corporate  prestige  is  impossible  to  quantify  in  this  context,  and  the 
residual  value  of  DGS  are  unlikely  to  be  more  than  a  minimal  scrap 
value. 

The  results  of  the  Level  1  costs/benefits  analysis  suggest  that 
capital  cost  is  the  major  factor  in  determining  payback  periods.  The 
two  systems  with  the  shortest  payback  (see  Figs.  8  and  10),  TDGS 
and  SCIS,  have  low  capital  costs  due  to  their  reliance  on  simple  and 
relatively  cheap  optical  systems  employing  low  concentrations  of 
sunlight.  A  caveat  here  is  that  the  costs  of  modification  of  the  host 
building,  particularly  in  the  case  of  SCIS,  may  significantly  increase 
capital  cost  for  low  concentration  systems  which,  by  their  nature, 
use  large  light  transport  components.  The  best  performing  of  the 
low  concentration  systems-TDGS  —  although  a  mature  technology, 
is  still  unable  to  payback  investments  within  five  years  at  the 
current  European  price  of  electricity.  Indeed  the  use  of  electric 
lighting  delivering  the  same  task  illuminance  on  its  own  would 
arguably  represent  a  better  investment.  To  approach  a  five  year 
payback  for  TDGS,  average  electricity  prices  would  need  to  at  least 
double  and  system  price  be  reduced  to  40%  of  current.  Whilst  the 
former  condition  might,  sadly,  occur  in  Europe  in  the  near  future, 
further  reductions  in  price  in  this  technology  are  unlikely. 

In  general  the  hybrid  systems  have  long  payback  periods  based 
solely  on  Level  1  cost/benefit  considerations  rendering  them  an  unat¬ 
tractive  investment  proposition.  Three  influences  would  have  to  work 
together  to  shrink  payback  periods:  electricity  price,  system  capital 
cost,  and  available  external  local  illuminance.  The  trend  for  electricity 
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Fig.  8.  Payback  period  for  base  case  -  London. 
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Fig.  9.  Payback  period  including  all  intangible  cost/benefits  —  London. 


price  is  universally  upwards  -  over  five  years  about  46%  across  the  EU- 
27  countries  [5].  That  suggests  that  in  ten  years  the  electricity  price  in 
the  EU-27  is  likely  to  exceed  30  p/kWh,  making  the  technologies  more 
economic.  The  current  hybrid  capital  costs  are  a  significant  barrier  to 


their  use,  but  reductions  in  costs  due,  for  example,  to  volume  produc¬ 
tion  are  not  occurring  at  the  time  of  writing.  The  capital  cost  reductions 
required  to  make  the  systems  economic  are  large.  The  best  performer, 
HSL  requires  a  reduction  equal  to  one  fifth  the  current  price  to  approach 
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Fig.  10.  Payback  period  for  base  case  —  Valencia. 

a  five  year  payback  period  in  both  locations  assuming  a  30  p  electricity 
price.  On  the  other  hand  the  Parans  system  capital  cost  would  need  to 
be  10%  of  current,  combined  with  50  p  electricity  price  to  give  the  same 
payback.  High  external  illuminance  levels  help  to  reduce  the  number  of 
hybrid  units,  and  hence  capital  cost,  required  to  deliver  a  given 


Fig.  11.  Payback  period  including  all  intangible  cost/benefits  -  Valencia. 

luminous  flux.  A  comparison  of  Figs.  8  and  10  shows  the  influence  of 
local  illuminance  conditions  in  the  marked  improvement  in  the 
performance  of  the  sunlight  concentrating  HSL  and  Parans  systems 
between  London  and  Valencia.  The  low  optical  concentration  TDGS  and 
SCIS  units  also  improve  their  performance  through  increased  daylight 
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Table  5 

Temperature  zones. 


Comfort  zone 

Cooling  zone 

Heating  zone 

Hours 

% 

Hours 

% 

Hours 

% 

London 

24  h 

250 

2.9 

135 

1.5 

8375 

95.6 

Working  h. 

122 

3.3 

0 

0.0 

3528 

96.7 

Valencia 

24  h 

526 

6.0 

1735 

19.8 

6599 

74.2 

Working  h. 

548 

15.0 

912 

25.0 

2190 

60.0 

delivery  in  these  circumstances  having  paybacks  of  less  than  ten  years 
using  electricity  at  30  p.  Alas  even  in  southern  European  below  40N 
latitude  where  hourly  mean  of  normal  beam  illuminance  exceeds 
50klx,  HSL  will  have  a  twenty  year  payback  assuming  60%  of  capital  cost 
and  30  p  electricity  level.  The  payback  for  Parans,  even  in  southern 
conditions,  is  considerably  in  excess  of  20  years. 

Figs.  4-7  show  that  the  results  of  the  addition  of  Level  2  cost/ 
benefits  to  the  analysis.  It  is  clear  that  the  benefits  of  HRE  and  carbon 
taxes  pale  into  insignificance  in  comparison  with  those  of  productivity 
improvements.  The  HRE  generally  increases  payback  by  a  few  months 
but  the  effect  of  the  carbon  tax  is  largely  neutral.  Inspection  of  Figs.  4-7 
shows  that  productivity  gains  reduce  payback  by  up  to  75%.  However  it 
is  clear  that  daylight  guidance  which  is  fundamentally  uneconomic 
using  Level  1  cost/benefits  cannot  achieve  satisfactory  payback  even 
taking  productivity  into  account.  Taking  all  intangible  costs  and  bene¬ 
fits  into  account  TDGS  has  a  payback  of  between  4  and  6  years 
(compared  with  17-25  years  assuming  Level  1  costs/benefits)  using 
current  electricity  prices.  A  similar  pattern  of  results  is  apparent  for 
SCIS.  Using  the  same  electricity  price  HSL  in  the  southern  location  have 
one  year  payback  instead  of  12  years,  and  in  London  the  payback 
becomes  five  years  instead  of  14  for  an  electricity  price  of  30  p.  The 
present  high  capital  of  the  Parans  system, on  the  other  hand,  means  that 
even  in  southern  locations  the  system  struggles  to  achieve  payback  of 
approaching  fifteen  years  assuming  electricity  at  50  p  level  and  capital 
costs  at  some  20%  of  current.  Taken  together  the  above  suggests  that  the 
major  influences  on  the  costs  and  benefits  of  daylight  guidance  are 
capital  cost,  electricity  price  and  the  effects  on  productivity  of  daylight. 
The  HRE  and  carbon  taxes  appear  to  have  a  minor  effect. 

8.  Conclusions 

It  is  clear  that  DGS  require  a  substantially  greater  capital  invest¬ 
ment  than  ELS.  Some  such  as  TDGS  have  been  shown  to  be  economic 
over  the  long  term  if  they  are  solely  regarded  as  devices  to  enable 
daylight  to  be  substituted  for  electric  lighting  -  the  ‘tangible  benefits’. 
The  capital  costs  of  hybrid  systems  are  such  that  even  favourable 
assumptions  about  economies  of  scale  render  them  a  very  poor 
investment  judged  against  Level  1  benefits.  This  work  has  attempted 
to  quantify  the  ‘intangible’  benefits  of  the  delivery  of  guided  daylight 
to  an  interior.  These  are  by  their  nature  more  difficult  to  quantify  and 
a  number  of  assumptions,  each  of  which  may  be  questioned,  are 
necessary  to  make  this  possible.  The  results  suggest  that  the  benefits 
of  HRE  and  carbon  taxes  pale  into  insignificance  in  comparison  with 
those  of  productivity  improvements.  The  latter  suggests  that  invest¬ 
ment  paybacks  could  be  reduced  by  up  to  75%  of  those  calculated 
using  only  Level  1  assumptions.  However  it  is  evident  that  DGS  which 
are  fundamentally  uneconomic  using  Level  1  cost/benefits  struggle  to 
achieve  satisfactory  paybacks  even  taking  productivity  into  account. 
However  in  the  case  of  those  systems  that  are  only  marginally 
uneconomic  the  inclusion  of  productivity  does  give  a  more  favourable 
balance  of  cost  and  benefit. 

This  work  has  established  that  the  economical  performance  of 
daylight  guidance  systems  has  several  dimensions.  System  payback 
periods  are  mainly  determined  by  levels  of  capital  cost,  energy 


costs,  external  illuminance  level  (which  in  turn  is  influenced  by 
geographical  location)  and,  potentially,  considerations  of  the 
influence  of  productivity  gains  due  to  daylight  in  working  areas. 
This  study,  although  based  on  current  technology  and  costs  and 
a  limited  number  geographic  locations,  has  set  out  the  principles  of 
economic  analysis  of  guidance  systems.  Work  of  this  nature  is 
essential  to  enable  lighting  practitioners  to  realise  the  exciting 
possibilities  of  daylight  guidance. 
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